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(54) Ultrasonic flowmeter with temperature and pressure compensation 



(57) A ratio C of sonic speed in a fluid to a sinusoi- 
dal value at an incident angle of sonic waves from the 
pipe to the fluid is designated as a basic unknown quan- 
tity. A distance D between the opposite inner wall sur- 
faces of the pipe, a thickness tp of the pipe wall, a 
projection length t„ of sound rays in the oblique wedge 
projected onto a plane orthogonal to the center axis of 
the pipe, and sonic speed C*. C p in the oblique wedge 
and the pipe wall are used as given values. A propaga- 
tion time x of ultrasonic waves through the oblique 
wedge and the pipe wall is treated as a variable. The 
value C is determined in course of calculating a projec- 
tion length L of sound rays between the ultrasonic trans- 
ducers projected onto the center axis of the pipe by a 
gradual approximation, which is determined as a given 
value. Then, a refraction angle e f of sonic waves from 
the pipe wall to the fluid and a propagation time x of 
ultrasonic waves through the oblique wedge of the ultra- 
sonic transducer are determined based on the value C. 
These values and a propagation time of ultrasonic 
waves between the ultrasonic transducers obtained by a 
measurement are applied to a basic equation to derive 
a flow velocity of the fluid in the pipe at temperature and 
pressure under a service condition. 
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Description 

BACKGROUND OF T HE INVENTION 

«J£f ££2 inV !" ti0n w ela,eS '° 3 Clamfy ° n type ultrasonic ,low meter and a method of compensating for influences 
^flZ^t?! Pr6SSUre 2 3 ,,Uid 3nd by temperature 01 a ^ ultrasonic f tow meter for med 

ZVJZl^^l T^TT V ' ' Uid teSed ° n 3 difference in P^atton «me of ultrasonic waves through 
- L ? U ' d ' 8nd more P^ 0 " 13 ^- *° s "<* a compensation method for use in a clamper, type 
ultrasonic flow meter havng ultrasonic transducers closely attached on an outer wall surface of an X 
measunng a flow velocity of a fluid f towing through the pipe 9 PV 

SS^, 1 !1 ^ 6n the ultraSOniC waves are dir ^ed from the upstream side to the downstream side 

uEscTc «S ^SEEISS 8 ? I" 16 iS i0 8 Pr ° POrti0nal re ' ati0nship «" h *• ,,ow ve,oci * * *• "4 
ultrasonic flow meter utilizes this relationship for measuring the flow velocity of the fluid 

finite iSHJSIr ""^ I'T™*' ir0n "anufacturing. cnemical processing, district air conditioning, and so on. 
S eJstnTotoenfi,^"! and so on are supplied through pipes. If a f tow amount of a fluid flowing through 

1 .SJXJT 2f* 6 meaSUred ' a clamp ' on ultrasonic f| ow meter may be employed, wherein a pair or more 
of uttrasomc transducers are mounted closely on the outer wall surface of the existing p£e such that uftrason k TwTes 

Ftos 8 TZZSZTSX * k U9h the pipe wa " t0 measure the ,,ow amount of AS!i55r 

prinSe ^.^^t^ COn,i9Urafcn ° f 3 det6Ct0r Untt ° f 3 C,amp " on ^ uttrasonic f tow ™ tor - R i the 
H Fta *TJ rT?' meaSUnn9 3 ,10W V6,0City 01 a fluid wi " be ex P ,ained witn ^rence t<> Pas- 6A. 

S^SSZ^S^ con,,9uration of •* de,ector unrt> and Fi9 - 68 illustrates in 9reater deta » » ui ^ c 

1a ibtSSS w^t C ? h T° n typa . ult : asonic f,ow m eter ^^ated in Fig. 6A includes ultrasonic oscillators 
b Tr^2»tJS ? 9 . '?J° T acoust,ca,, y «*P« in 0 a fluid 4 flowing in a pipe 3 to the ultrasonic oscillators 1a 
lb The ultrasonic oscillators and the oblique wedges are acoustically coupled to constitute ultrasonic transducers 1 0a. 

detec^r e un a t?So n o ?rJ!» iS * ** 18 ° f the upstream u,trasonic fr ansducer 10a in the 

2 ZIZ l£ n uBrason,c J low meter for ^ ultrasonic oscillator 1a to oscillate, ultrasonic waves are 

thT TJ^ZT P Pa9ate thr ° U9h ° blique wed9e 2a and the ^ 3 to th * f ^ * "owing in the pipe 3. Then 
to £2£ - J* thr ° U9h the ,,Uid 4 106 pipe reach the °PP°^ w all of the pipe 3. and then is gukS 

SnTc oStorT 6 y UltraS ° niC 1 ° b> ^ SSt in 3 reC6iver m0de ' and received b * *SC 

ina ^SiT en ? ted fr0m * he Ul,raSOnic 0SC,lla,0r 13 are 3 bunch of elastic waves having a certain spread- 
's a ? hf oT^Il l S 3 !! ndenCy ,hat a " UltraSOniC ™ e and a rece ^ r ^t are regarded as 
KSfJSlS? 1 f ? C ^ ^ 3 P r °P a 9 ation Path of the wave front is treated as an acoustic line passing 
ouslv * KSST- h '2 31 3 ,0Cati ° n 3 Pr0pa9ation medium "*« aonic speed changes disoontinu 
- Sr^IoTSs^ 

mo U thfST'? 9, 0! 3n3lySiS Wi '!, be 013016 00 3 pr0C6SS of the Propagation of ultrasonic waves in the detector unit 
?J ?T ^ S U 5 3 T ,C f l0W m6ter COn,i9ured as il,ustrated in R g- 6, on the basis of the point sound source 
^ Li °h *. e T*V he relationsh iP between a propagation time of ultrasonic waves propagating from one uttra 
^sui^nn that t * and a "° w ^'ocity 01 a fluid flowing through the pipe on which tiie detcrctor unit is^nstalled. 
,,H ra ^T J ^represents a forward direction propagation time of ultrasonic waves emitted from the upstream 
tio^S'Z of * 3 ° 9 d0wnstream ^sonic transducer 10b, and T 2 represents a backwa^direc- 

tion propagation time of the ultrasonic waves emitted from the downstream ultrasonic transducer 10b and received by 
SHUT 1 tr3nSdUCer 108 ' ^ Propagation times T, , T 2 are given by the following Equations oHSw 

^ess «hat a propagation distance of the ultrasonic waves is divided by effective sonic speed i e 
the sum of some speed and a component of a flow velocity of the fluid in the ultrasonic wave propagating direction: " 

[Equation (1)] 

T, =(D/cos6 f )/(C,+Vsine,) + T (1) 
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[Equation (2)] 

T 2 = (D/cose,)/(C,-Vsine f ) + x ( 2 ) 
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where 



?ii < S SfT °T Site im& Wa " SUrfBC8S ° f th6 which the ultrasonic waves pass (inner diameter 

if the pipe has a circular shape in cross-section); v 

x: a propagation time ot the uttrasonic waves passing through the pipe and the oblique wedges- 
5 C f : sonic speed in the fluid; ' 
V: an average flow velocity of the fluid on sound rays; and 
ef : a refraction angle of the ultrasonic waves from the pipe to the fluid. 

Equa^sT^? UTT J* T" - ^ baCkWa ' d P" 5 ^ 3 *" 1 «™* T, and T 2 is first given by the following 
w S^vSSJJJE J * ^ meaSUrement is water ' sonic "P— C < ^ approximately 1 .500 m/s whereas 
the flow velocity V of the fluid in the pipe rarely exceeds 30 m/s at the highest, so that C f 2 »V 2 stands and therefore an 
approximation expressed by Equation (3b) is satisfied at very high accuracy: 

[Equation (3)] 

' 5 AT = T 2 - T , = (2DVtane,)/(C, 2 -V 2 sin 2 6,) (3a) 

* (2DVtane ,)/C , 2 (v C , 2 »V 2 ) (35) 

» n J V s " b ^ tutin 9 2 ero into the flow velocity V of a fluid in Equation (1) or Equation (2). a propagation time J n of the 
20 fl*d In a statonary state is given by Equation (4). On the other hand, by adding Equation (1) to £ua on Sari aooVv 

xrzszr ; th !: e,ationship between -* * - «• « «* a ; d s e «. ^ri^s*^ 

reeult. Equation (5) is derived ,n the same form as Equation (4). As a result, the propagation time T 0 of the fluid at a 
tSSSZSZSZ ? H approxima,ed b * 30 aver ^ °< measured propagation times of urJaso'n* w^ves Tn tie 
* SSE^ - — * ™ 1a ' 1b - - *»» - -0 of the 6 

[Equation (4)] 

30 T 0 = (D/cose t yc, + x (4) 

[Equation (5)] 

(T 1 + T 2 )/2 = (DC f /cos9 f )/(C, 2 -V 2 sin 2 e ( ) + x . (D/cose,)/C, + x = T 0 ( 5) 

" of ^ ^ EqUati ° n (4) " EqUati ° n <6) 6XPreSSing 3,1 3Vera9e " OW V ^ °" S0Und r ^ 

[Equation (6)] 

40 V = (D/sin2e,){AT/(T 0 -x) 2 ) (6) 

The propagation time difference AT and the propagation time T 0 of the fluid in a stationary state may be derived by 
SZ T f o" measured values detected by the detector unit 100 of the ultrasonic flow meter when the 
fluid is flowing, as explained above. 

u, a „£ll he 0t J?u hand ' betWeen an inCk,ent an9le 6< * sound rays int0 *» f ,uid and ,ne Propagation time x of ultrasonic 
waves «"rough the pipe and the oblique wedges, the relationship explained below is satisfied based on the law of reflec- 
tion and refraction with respect to the propagation of wave motion 

nitron*. TUf*** " iNUStrated Fia 68 "* ich is a detai,ed "■P"™*** diagram of a mounting member for the 
ultrasonic transducer, assuming: 

V a lenQth of sound ra * s in ^ oblique wedge projected onto a plane perpendicular to the center axis of the 

pipe, 

tp: a thickness of the wall of a pipe; 
Cw: sonic speed in the material of the oblique wedge; 
C p : sonic sped in the material of the pipe; 

V an incident angle of sound rays from the oblique wedge to the pipe; 

6 p : a refraction angle of ultrasonic waves from the oblique wedge to the pipe (i.e., an incident angle of sound rays 
from the pipe to a fluid); 

0 f : a refraction angle of the ultrasonic waves from the pipe to the fluid, 
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Equation (7) is satisfied based on the law of refraction with respect to the propagation of wave motion at respective 
interfaces between propagation media of the oblique wedge 2, the pipe 3, and the fluid 4, and a ratio C of sonic speed 
to the refraction angle ratio (hereinafter, this ratio is called the sonic speed/refraction angle ratio) on the right side is a 
constant in accordance with the law of refraction. 

[Equation (7)] 

C ^sine w = C p /sine p = C t /sine f = C (constant) (7) 

The propagation time x of ultrasonic waves through the pipe 3 and the oblique wedges 2 is expressed by the fol- 
lowing Equation (8) which means the sum of the propagation times of the ultrasonic waves on the transmission and 
reception sides, since the ultrasonic waves pass through these elements on the respective sides 



[Equation (8)] 



x = 2t w /(C w cose w ) + 2t p /(C p cosO p ) ( 8 ) 



In Equation (7), the sonic speed values C*. Cp, C { in the respective media can be previously derived by a search 
once service conditions are established for materials used for members such as the oblique wedges 2 and the pipe 3 
the kind and temperature of a fluid flowing through the pipe 3, and so on. Also, since the incident angle e w of sound raysi 
from the oblique wedge 2 to the pipe 3 has been determined in the design of the oblique wedge 2, the retraction angle 
e p of sound rays from the oblique wedge 2 to the pipe 3 and the refraction angle e f , of sound rays from the pipe 3 to the 
fluid can be derived by applying the known values into Equation (7). 

Further, the projection length of sound rays in the oblique wedge 2 projected onto a plane perpendicular to the 
center axis of the pipe has been determined in the design of the oblique wedge 2, and the distance D between opposite 
inner wall surfaces and the thickness tp of the pipe are also data which is previously obtainable from the standard of 
pipes or from actual measurements. 

The values of the propagation time difference AT and the propagation time T 0 of the fluid in a stationary state 
derived by an acoustic measurement by the detector unit of the ultrasonic flow meter, associated design values of the 
detector unit, the incident angle e f of sound rays from the pipe to the fluid, determined by the kind of the fluid flowing 
through the pipe, and the propagation time x of the ultrasonic waves through the pipe and the oblique wedge are sub- 
stituted into Equation (6) to derive an average flow velocity V on sound rays of the fluid flowing through the pipe on 
which the detector unit is installed. A flow amount of the fluid in a pipe having a circular shape in cross-section for 
example, is calculated by Equation (9): 

[Equation (9)] 

Q = (7iD 2 /4)(1/K)(D/sin2e f ){AT/(T 0 -x) 2 } (9) 

K in Equation (9) is a conversion coefficient for the conversion between an average flow velocity on sound rays in 
the fluid and an average flow velocity on the cross section of the pipe. 

The measurement principle of the clamp-on type ultrasonic flow meter has been described hereinabove. For actual 
installation of the ultrasonic flow meter, the ultrasonic transducers may be mounted on opposite sides of the fluid pipe 
3 such that a propagation path of ultrasonic waves forms a Z-shape, as illustrated in the principle explaining diagram of 
Fig. 6A, or the ultrasonic transducers may be mounted on the same side on the outer wall surface of the pipe to form a 
propagation path of ultrasonic waves in a V-shape such that ultrasonic waves emitted from one ultrasonic transducer 
and reflected by the inner wall surface of the pipe is received by the other ultrasonic transducer mounted on the same 
side, as illustrated in Fig. 7. 

When the ultrasonic transducers are mounted on the same side on the outer wall surface of the fluid pipe, as illus- 
trated in Fig. 7, ultrasonic waves are emitted from one ultrasonic transducer, reciprocate in the diametrical direction of 
the pipe, and are received by the other ultrasonic transducer. Thus, the relationship between propagation times T, T 2 
and the flow velocity V is given by substituting 2D into the distance D between the opposite inner wall surfaces in Equa- 
tions (1) and (2). It will be understood from this fact that the configuration of the two ultrasonic transducers on the same 
side is regarded as completely the same as the configuration of those illustrated in Fig. 6 in terms of the principles. 

A propagation speed C, of ultrasonic waves propagating a medium as vertical waves has a relationship with the 
density p and the volumetric elasticity ic of the medium expressed by the following Equation (10). 



4 



EP0 733 885 A1 



[Equation (10)] 
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5 and ^Su^^m^m ? ? ,UmStr !f ° f th6 m6dium in Equati0n (10 > va " *P«*W on temperature 

JSZ^n m 15 ^ ^ terTperature and « in a relationship expressed* the gas 

io w^^iSX^^T 1 C ' 01 U,traS ° niC ln 8 ,k,Uid a ' S0 ***** *P«««y *r temperature and pres- 
2? thl S 6qUat0n 6 * preSS,n9 a re,ati onship which is commonly satisfied irrespective of the kind of liq- 

S S T? eqUat,0a ^ aCtUa ' measu 'ements have been made for reprSntative particuS SquU 
materials to obtain data associated with the relationship. fwocuwr iiquio 

A simplified state diagram for water, which has been most frequently applied to obtain the above relationship of lia- 

^t^i^cLT" ^ H9 - ?' ^1" W8ter te mperature ^ gradually raised from the vicinity of 0»C. sonic speed in 
water also nses to approx.mately 70°C. exhibits a maximum value in the vicinity of 75'C. and then begins to decease 
Stated another way. water temperature is a two-valued function of sonic speed in wate . so that sonfc Jeed^ wSer 

» Z^^IZZ^* T TT^ l6VelS - ^ 35 P ^ Ure is i-eased.lni^5^ e rat 

mSiS S ^ Wat6r h3S ' arger de P endencv for Pressure in a higher temperaturerange. 

^^aT^ ^ SOn,C „ speed in »* S P^ in solid materials. Respectively constituting the 

^h^^Sl? 6 ■ "I* - * temperature pendency. Generally, as the temperature is raised, sonic 
speed in these materials decreases, as shown in Fig. 9. 

25 a damn^'Sf Hf* • 8 5° B *** ,p89d 0< UltraSOnic waves P«Wating not only a liquid flowing through a pipe of 
flotTeS eS tT^rr' ^ ° b!k,Ue Wed96S 8nd the Pipe Wa " ™^ ^e detect unit of the 

unte^lIISi. ^mperature dependency, measurement errors and variations in output will be remarkable 
»S ^ T r - .! 0 " ,C ^ are SUbjeCted to sensation for temperature and/or pressure, if temperature 

EZEZZ « q rT y ° r temperature of *• obli ^e wedges and the pipe varies due to the acticTof Z 2 
temperature and environmental temperature. 

uid if !n C .h!?^T a9 t ValUe T ° °' ? 8 P r °P a 9 a * i o n times in the forward and backward directions and sonic speed in liq- 
^rSESTZ ^ by EqUati0n (5) " han * e ' iquid Pressure is held «"«""'■ ™ us . for a Hquid with a 

dT^Z 1 q !L , fo T rd 3nd baCkW8rd directi0ns is measured - 1,16 temperature of the liquid can be 
chlnS £n J* aSUr S ^ thr ° U9h th6 SOniC Speed - •» P f0Vidin 9 additionally the value of a temperature 

T^f ^ ^ ^ meaSUrin9 C ° nditi0nS - U5ing 3 function expressi "9 this relationship, when an 
Zr?°Z I a l Ua Tos °lP ro Pf Set'on times measured at reference pressure and temperature levels is designated a refer- 
£ £ propa9at : on » me - 1,16 relationship between a difference of an average value T 0 of the propagation times 
Z£l f ?T k Tos and S ° niC ■ pMd in 3 ,iquW - ie " the relationshi P ^een the i dHferencefT ' To J and a 
2?SL2; ' S" be pre " 0US,y derived from E 1 uatio " Thus, in a conventional clamps type uftrasSic «ow 
T arJTa 2S2 • P f ^I* 6 " 3 i**™ 09 P 0 * 0 " ° f a P r °P a 9ation time average value T 0 from the reference value 
art T^h tht?,^ H^fS ' ° f I* 3 " 96 am ° Um °' itS tri 9° n °metric function are stored in a flow velocity calculation 
ESS!!! 1 9 ^ a "!! in ^ propa 9 ation nme average value T 0 . sonic speed in a fluid u«.er measur- 

£££££ SSSSi based on the stored date in ,he ,,ow vetocrty - ka * fan unrt to derive a temparat - 

s ,,rp f 2 r a Pr .t S ^ r L COmPen !! ,i0a °" me ( * iar hand ' 3 pressure sensor is separately provided for measuring fluid pres- 
Z *J? nn lT^ nS 3 ^° Wn 1 relat,onshi P ^een sonic speed and pressure, such that sonic speed is corrected 
based on a detected pressure value of the pressure sensor. 

hoJLn! convent ^ nal c |am P" on type ""rasonic flow meter as described in the previous paragraph, if the relationship 

™ h T C ? 8nd Pr6SSUre iS n0t kn0W " for a ,luid under measurement, it is impossible to correct measurement 

SS^SL hS" 888 PreSSU l e 3nd Vari3ti0nS ° UlpUt 081,56(1 p y "Nations in pressure. In addition, even if the 

• SPee lf nd PfeSSUre iS kn ° Wn ' 3 preSSUre Sensor must be Provided for measuring a fluid 
pressure to correct the sonic speed in terms of pressure based on the measured value 

r iO H^°J 0r 8 ? id Undef measurem ent exhibiting a large temperature change, a temperature correction may be car- 
m~ 0 ,™!^ Hi" 0 ' 6 aC ° Urate meaSUfed va,ues - on| y when tbe relationship between sonic speed in the fluid under 
measurement and temperature is previously known. However, if the relationship between sonic speed and temperature 
is unknown, no appropriate temperature correction cannot be made for providing highly accurate measured values 
urinn f^STol^ ^ between sonic s Peed in the fluid and the temperature is known, means for meas- 

ZZrtt^ . !! P yS ' Cal am ° Unt equiva,ent t0 the ,,uid temperature is required to correct sonic speed in 
terms of temperature based on a measured value from the measuring means. Particularly, when measuring a fluid such 
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10 



15 



Z^r^l!,*™ ***** exhMs 3 m£Udmum valueand ^ temperature dependency largely differing on one and 

?«2SLT^ maX,mUm ValUe ' 3 correction reaion must be determined based on a detected temperature value 
of the fluid under measurement to modify compensation coefficients. 

and ? ^1°!^ f^*™ P*" 5 ^ ultrasoni c waves through oblique wedges in the ultrasonic transducers 

SS?ni i!l? l "! fKed for convenience ' such a «^stant value derived from sonic speed over the 
S^^ZST^ »■ reSPe f,' Ve mat6rialS 31 3 9iven tem P erature is designated a propagation time x of ultra- 
™^«*LT ^.' qUe We ?r ^ Pipe - However ' «"» " *>™ of ultrasonic waves through the 
matenals of the oblique wedges and the pipe is identical, changes in temperature and/or pressure of the fluid under 
measurement causes the propagation paths of ultrasonic waves through the oblique wedges and the pipe to change 

J££XE n0, hr° r6m ^ kab,e 38 ^ 0386 * ' iqUid - • onfc Speed * "^sonic waves Lugh the r estiv e S 
the ° bl| q ue wf9es and the pipe varies depending on temperature. Generally, as the tempTrature rises 

SJSl? ^f^, materia,S d6CreaSeS - ^ variations in temperature and pressure of the fluid, or variJ 
toons in temperature of the oblique wedges and the pipe due to the action of fluid temperature and environmental tem- 
perature will result in measurement errors and variations in output, environmental tern 

SUMMARY OF THE INVFMTin N 
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ulSSS? f PreS !. n, u inventon to provide a temperature and pressure compensation method for clamp-on 

SXSS r "T? ,S CaP3ble ° f BcMnB the problems inherent to a temperature and pressure compen- 

sation method in conventonal clamp-on type ultrasonic flow meters as described abova Specifically the temperatore 

co n ^ S nT mPenSa :? n 7** ° f th6 PreSert inVen,i ° n Ca,CUlates *• ^ of various p^S^SJS 
7? h ? Va J Ue ° f 8 pr °P a 9 ation time measured by an acoustic measurememwhich does not require 
SESSS data indicate of the influence of temperature and pressure on sonic speed or to measuretem 

ESZZtET? ° 8 1*^" measurement - a "d respective values determined by thldesign of the uLsonTc 
suT^^^r J?* 1 f ' 0W m6ter iS t0 b6 inStaHed - and *e influence of temperature and pres- 

^S ed n a med , lum ' ^ah which ultrasonic waves propagate, to provide a corrected value as close as 
possible to a true value of a flow velocity of the fluid, thus improving the accuracy of the dampen type ultrasonic flow 

of « !^™T ratl T and . p [ essure compensation method of the present invention, it is assumed that a detector unit 
menfLXna^n^' 0 T T* is ~ nfi9ured as illustrat ed in Fig. 6. and sonic speed in a fluid under measure- 
Zl^nfri 9 temperature dependency and an incident angle of ultrasonic waves from a pipe into the fluid 
2 fSTSi ™ I^L* 1 T baSiC Unkn ° Wn parametere - at temperature and pressure under service conditions 
■LllTr^ UltraS ° niC f,0W meter A va,ue C of a ratto ot sonic speed in the fluid to a sinusoidal value at an 
SUlfSS? W8VeS propa9atina ,rom 3 pipe to ^e fluid is determined, by the use of given values of a 

SS^SST fS P ' nner Wa " SUrfaCeS 01 the pipe> a tnickness °t the Pipe tp, a projection length ^ of sound 
rays in the oblque wedges projected onto a plane perpendicular to the axis of the pipe, and sonic speed cT C D in the 

^unura^^ltr' 1 ° f f P f' "* °° U ™ ° f Ca ' CU,atin9 ' in gradual app ^™tion. a p*ectionTen£n L of 

ng on the arrangement of fre ultrasonic transducers on the outer wall surface of the pipe, with a propagation time x of 

h" 91 : ^ 0bHqUe Wed96S and the Wa " ° f the pipe used is a ™ iab,e - Tho". based on this value C 
calculated in the gradual approximation, a refraction angle e f of ultrasonic waves from the pipe wall to the fluid and a 

SSS2'JSl T h?- U ?^! C T?f thr0U9h the Pipe Wa " and ,ne oWi( ' ue ^S 68 in *e ultrasonic transducers are 
determined in the basic Equatoon (6) for calculating the flow velocity. With these values and the value of the propagation 

STn 1 ITtnT 5 T e f T auttrasonic transducers derived by a measurement are applied to the basic Equation 
(6) toderive the flow velocity of the fluid in the pipe at temperature and pressure under a service condition 

Tne principle of the temperature and pressure compensation method implemented by the means described in the 
previous paragraph will be next explained. me 

„„ t^Ti" 9 that <1 a l6n9th °! S ° Und rayS between 1,16 ultras onic transducers 10a. 10b in the detector unit of the damp- 
Z^L ^T. Sr haVin9 the 00n ' i9uration i,,ustrated in R 9" 6 P"*** i" the direction of the center axis of 

nlSH J repreS ? nted , by L ' the va,ue of L is #™ bv E 0"ation (1 1) based on geometric conditions. In Equation (1 1). 
reference numerals explained in connection with Fig. 6 are commonly used. 

[Equation (11)] 

L = 2t w tane w + 2t p tane p + Dtane, (H) 
derived 06 ° <9w ' 6 ' <9 °°' Equati0n (7) is used to erase °w e ( from Equation (1 1). the following Equation (12) is 
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[Equation (12)] 

L = ajCV^-O + 2t p (C p /Jc^c7) + DCC/T^V) (12) 
Also, by erasing e, from Equation (7) and Equation (4) to derive C b Equation (13) is given. 
[Equation (13*)] 

C, = j(C z /2)±7(C 2 /2) z -C 2 D 2 /(T 0 -x) 2 (13*) 

Af JUSHHS: th ^ r ! l ± n ° <e<45 ° is safefied in order t0 increase «» effect of injection of the ultrasonic waves. Since 
6f is preferably about 23°, the minus (-) sign is selected in the sign (±) of [Equation (13*)]. 

[Equation (13)] 

C,-J(C'/2)- 1 /(C !{ /2) !t -C 2 D 2 /n-o-T) 8 (13) 
On the other hand, by erasing e p from Equation (7) and Equation (8), the following Equation (14) is given. 
so [Equation (14)] 
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* = 2t w {C/(C w VC 2 -C W 2 )} + 2t p {C/(C p 7C 2 -C p 2 )} (14 ) 

* ln ! a( J °I Equations (12 >- < 13 )' < 14 )' a Propagation time T 0 of ultrasonic waves between the ultrasonic transducers 
S1 W ,n J ' st f» l0nar y 51316 is data derived as an average of measured values of propagation times of ultrasonic 
wavesbetween me ultrasomc transducers in both directions when the fluid is flowing in the pipe, as explained above in 
connection wrth Equation (5). The distance D of between the opposite inner wall surfaces of the pipe and the thickness 
of the pipe stp are known from the standard or an actual measurement of the pipe on which the ultrasonic transducers 
are mounted The projection length L of sound rays between the ultrasonic transducers projected onto the axle of the 
pipe is calculated using associated values determined by the design of the ultrasonic transducers, based on a meas- 
ured value of the spacing between the mounted positions of the ultrasonic transducers 10a, 10b. The projection length 
yofsound rays in the oblique wedge 2 projected onto a plane perpendicular to the axis of the pipe is also a value deter- 
mined by the design of the oblique wedges 2. 

On the other hand, for the propagation speeds C*. C p of ultrasonic waves through the oblique wedge and the pipe 
wall respectively made of known materials, data can be obtained including temperature dependency for a temperature 
range practically used corresponding to these materials. However, for fluids, particularly for liquid, exact data on prop- 
agation speed of uttrasonic waves through liquid components have not been obtained except for representative compo- 
nents such as water and so on for which detailed data have been obtained including the temperature and pressure 
dependency. In addition, the temperature dependency of sonic speed in a liquid exhibits a large value which may be 
several times higher than that in a solid member. Moreover, when the liquid is a solution, sonic speed is susceptible to 
fluctuations also due to a change in components of the solution. For the reasons set forth above, the temperature and 
pressure compensation method of the present invention treats sonic speed in a fluid under measurement at tempera- 
ture and pressure under a service condition as an unknown value which is to be derived, based on the measured prop- 
agation times of ultrasonic waves between the ultrasonic transducers, using the above-mentioned known data 

in the approximate calculation of the present invention for determining the refraction angle 6, of sonic waves from 
the pipe wall to the fluid and the propagation time x of ultrasonic waves through the oblique wedge of each ultrasonic 
transducer in the basic Equation (6) for calculating a flow velocity, Equation (14) is first employed to calculate a first 
approximate value x 1 of the propagation time x of ultrasonic waves through the oblique wedge of the uttrasonic trans- 
ducer and the pipe wall which are made of solid materials so that they exert relatively less influences on sonic speed in 
terms of temperature and pressure. Used as an initial value of the sonic speed/refraction angle ratio C in Equation (14) 
is the value C 0 which is calculated by substituting a sonic speed value C, in water at constant temperature and pressure 
which may be searched, into the numerator of the rightmost fraction in Equation (7) and by substituting the design value 
of the incident angle 6*, to the fluid into the incident angle e, of sound rays from the pipe 3 to the fluid 4. appearing in 
the demomnator of the rightmost fraction in Equation (7). 

After first approximate values of C and x are derived by the above calculations, these values, the measured propa- 
gation time T 0 of ultrasonic waves, and the distance D between the opposite inner diameter of the pipe, known from the 
standard or by a measurement, are substituted into Equation (14) to derive a first approximate value C f1 of sonic speed 
C| in the fluid. 
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Next, by substituting the respective first approximate values calculated as described above and other various val- 
ues known by a search, standard, or measurement into Equation (12), the projection length L of sound rays between 
ultrasonic transducers to the axis of the pipe is derived. However, since the sonic speed/refraction angle ratio C used 
for deriving the value L is the initial value Cq which is different from the true value under the measuring conditions, the 
calculated projection length of sound rays is not completely identical to a measurement-based value L (which is con- 
sidered to the practically measured L by the size of the ultrasonic transducers) of the projection length of sound rays 
derived by the use of various design values of the ultrasonic transducers based on the measured value of the spacing 
between the mounted positions of the ultrasonic transducers on the pipe. Thus, another value C, slightly different from 
the initial value Cq of C used in the first approximate calculation is set as a second approximate value, and the calcula- 
tions explained above are repeated with the set second approximate value to derive a second approximate value of the 
projection length of sound rays. If the second approximate value of C is appropriately set, the calculated value of the 
projection length is closer to the measurement-based value L 

When a difference between the approximately calculated value and the measurement-based value L becomes 
smaller than a predetermined value after repeating the gradual approximate calculations, the sonic speed/refraction 
angle ratio set at that stage is designated as an approximate convergence value Ci, and this approximate convergence 
value C. is applied to Equations (14), (13) and (7) to derive the respective values of x, C, and 0 f . Then, a difference AT 
between the average value T 0 and a propagation time of ultrasonic waves derived by these values, the known distance 
t h e opposite inner wall surfaces of the pipe and the measurement is applied to the basic Equation (6) to cal- 
culate a flow velocity of the fluid flowing in the pipe at temperature and pressure under a service condition 

Further, a reform of Equation (6) using Equations (7) and (4) results in the following Equation (15) which shows that 
the flow veloaty V of a fluid can be immediately derived from the measured value T 0 . AT (i.e., T 1 and T 2 ), and the values 
x and C calculated by the approximations. 



[Equation (15)] 



V = (D/sin28 f ) (C f cos8 f /D) (AT/(T 0 -x)} (15) 
= (1/2)(C f /sine f ){AT/(T 0 -T)} 
= (C/2) {AT/(T 0 -t)} 



BRIEF DES CRIPTION OF THE DRAWINGS 

Fig. 1 is a flow diagram representing the processing for measuring and compensating a flow amount of a fluid for 
temperature and pressure in accordance with the present invention. 

Fig. 2 is a block diagram illustrating the configuration of the transmitter unit of an ultrasonic flow meter for executing 
the processing of Fig. 1 . 

Figs. 3 are graphs illustrating an example of effects of a compensation performed for changes in temperature of 
water. 

Figs. 4 are graphs illustrating another example of effects produced by the compensation. 

Fig. 5 is a graph illustrating an example of effects of a compensation performed for changes in temperature and 
pressure of a fluid. 

Figs. 6 are diagrams illustrating the configuration of a detector unit of a clamp-on type ultrasonic flow meter. 

Fig. 7 is a diagram illustrating the configuration of a detector unit of a V-shaped clamp-on type ultrasonic flow meter. 

Fig. 8 is a graph representing the influence of temperature and pressure exerted on the sonic water through water 
(a graph quoted from Steam Tables 1980 published by Japan Society of Mechanical Engineers). 

Fig. 9 is a graph representing an example of the relationship between sonic speed in a solid material and temper- 
ature. 



DETAILED DESCRIPTION! O F THE PREFERRED EMBODIMENTS 

Fig. 1 represents an embodiment of a processing flow for executing a temperature and pressure compensation 
sequence in a clamp-on type ultrasonic flow meter according to the method of the present invention. Fig. 2 illustrates in 
a block diagram form an embodiment of the configuration of a transmitter unit in the ultrasonic f tow meter for executing 
the processing flow of Fig. 1 . 

First, the configuration of the transmitter unit is described. 

Referring specifically to Fig. 2, a transmitter unit 200 of the ultrasonic flow meter is a processing control unit for 
detecting an ultrasonic signal transmitted and received between ultrasonic transducers 10a, 10b mounted at their 
respective measuring positions on the outer wall surface of a pipe 3 to calculate a flow amount of a fluid flowing in the 
pipe 3. The transmitter unit 200 includes a transmitter/receiver circuit 7 for transmitting an exciting signal for driving one 
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tl l U a transducere 10a - 10b to to™** ultrasonic waves and for amplifying an ultrasonic signal received bv 

d«eS byalst'm Jo^TSS^r ^ 1 *= 3 5 «•** ^ step-by-step at timing 

« mLnXl ♦ k • for St0r " 19 Pr09rams * the microprocessor 5; a RAM 13 serving 

s as storage means for temporarily storing numerical values and flags indicative of associated orocU^nnZltJ Z £2 

eraSa'S^ 

tenoZ™^ system clock 12, and a timer counter 8 for measuring time an interval between the ultrasonic wave 
transm.ss.on from one of the ultrasonic transducers and the ultrasonic wave reception by the oter 

mJSX^nZZT*' iS V*™",** *• ultrasonic transducers mounted at positions on the pipe such that a 
"ZS^Tin SSlSr^rit* *"* *" Spadn9 between ■» mounted P 05 ^ * *• Pair of ultra 
^SSSSS^L ^ e . P ' Pe iS me8SUred to 0btain a projecton 01 "«« «- the ulra- 
me S X offtl SSI^t"" ^ ^ ^ 3 measurem ^-based value L of the projection length of 

a distance between opposite inner wall surfaces of the pipe- D- queers, i.e.. 

a thickness of the pipe: tp; and 

knoCSte P P are mpUtted 10 the transmitter unit 200 and written into the RAM 13 as given 

tiona^e™ 

sonic speed in the oblique wedge: and 
sonic speed in the pipe wall: C p 

Ltan 2?I te T! ratUre ; !^ niC ? eed C ' in the determined fluid at constant temperature and pressure and a 

tSSSZ ISSE.'S? SJ" ° f U,tra !° niC ^ fr ° m the Pipe to 106 P^eteZined fluid into 52. 
calculated by searching associated acoustic data, and likewise written into the RAM 13 as an initial set value 

Bm^^^VT^- t TSr S 1 ° a ' 1 ° b 3t appr ° priate and wSn tTSSLTSi into the 

1J tra "! m,tter unit 200 18 St*"** 1 in a measurement mode. The microprocessor 5 enters an interruot waitina 
Whet Ztn^S 1 ^" ^ Si9na ' * the transmission timer 1 1 as an interrupt sign J * " 9 

cJ^ZSZST" Z^ a 1 Sm * S 3 measurem «nt Period signal, the microprocessor 5 calls a flow amount 
» SS? 8 . represented °y the flow chart of Fig. 1 from the ROM 9. Following the flow chart the rnicroSoT 
essor 5 first transfers count values N,. N 2 of the timer counter 8 to the RAM 1 3 (step SI). Then tSSlISSSSd 

c^Tor^ 

, c L °/ !, P ro Pagat<ng direction of ultrasonic waves. Specifically, one of the ultrasonic transceivers 10a 1 0b 
1ST; !i nSmiSS,0n mode t0 emit ulfr asonic waves, and the other one is set into a reckon nStoSS a co r* 
spending direction counter in the timer counter 8 connected to the ultrasonic transducer in ttSreceptS ^modete sSS 

the s^m ^fZSEEF 1 £ reCePt, '° n ° f UrtraSOniC ^ * PeriodiXteesTenS S 

i JHI? ProC ^ in9 !°/ ca,cu,atin 9 a flow amount, first, the known data and the initial set values related to the acoustic 
rrJcZil ^ 1 , „, (step S2) ' Subsea - u ently. with a forward direction count value and a backward 

EqultS, ?5SS " ^ direC " 0n ^ ,n ^ b3CkWard direCti ° n ^ by thS fo 'S 



[Equation (16)] 
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T, =N 1 /f 8 .T 2 =N 2 /f 8 (16) 

Ph.J^^lf n9 i h ?, propagation ti mes T,, T 2 of the ultrasonic pulse signal from measured values by the above 
oSton enoi t T'^ 2? ° f "* "P-****** «* ratio, the thickness tp of Te p^ZSZ 
aSc ££ C cT3L"2." n 0b, J qU ?, W *!? Pr ° ,eCted 0nt ° the P,ane P^Pandicuter to the axis of the pipe 
Srot,™?!!?,?" f P Pe Wa " and the ° b,ique wed9e are ^tuted into Equation (14) to calculate a firs 
SKSTl^T ' V 3 P :° pa9aton time of ulfras °nic waves through the pipe and oblique wedge (step S4). FurtheT 
the ^,ally sat value C 0 of the sonic speed/refraction angle ratio, the first approximate value ,< of the oration «me 
of ultrasonic waves through thepipe and oblique wedge, the distance D be^een the opposite n^wa'^nSofT 
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pipe, and the propagation time T 0 when the fluid is stationary, calculated by averaging the propagation times T, T, by 
Equation (5). are substituted into Equation (13) to derive a first approximate value C of sonic speed in the fluid (step 

Thefirst approximate value C f1 of sonic speed in the fluid derived by the foregoing calculation, the initially set value 
C 0 of the sonic speed/refraction angle ratio, the thickness tp of the pipe wall, the projection length ^ of sound rays in 
the obbque wedge projected onto the plane perpendicular to the axis of the pipe, the distance D between the opposite 
mner wall surfaces of the pipe, and the sonic speed Cp. in the pipe wall and in the oblique wedge, which are likewise 
mitially set values, are substituted into Equation (12) to derive a first approximate value L c1 of the propagation length of 
sound rays of ultrasonic waves propagating between the ultrasonic transducers projected onto the center axis of the 
pipe. However, since the approximate values of the sonic speed/refraction angle ratio and the sonic speed in the fluid 
are used in the calculation of Equation (12). the calculated value of the propagation length of sound rays of ultra- 
^^iir^T 9 9 6en the ul,rasonic transducers projected onto the center axis of the pipe is not generally 
comcident with the measurement-based value L of the propagation length obtained by actually measuring the spacing 

anl^wTT? P ° S S^ * the U,traS ° niC transducere - Thus. ^ again repeating the foregoing steps of the 
approximate calculations with the sonic speed/refraction angle ratio set at a value slightly different from the initial value 

?» n »f PPr0X,mate ^ doser to * le m easurement-based value L can be derived (steps S6 - S8) 
.«„ Jh?T the H drfferen f e ii AL to 8 *" 1 ™ measurement-based value L and the approximate value ^ of the projection 
X 1? T °L UltraSOniC projected onto the center ^ s ^ the pipe is decreased below a predetermined 
3^ J5U ^ 9 *** 01 f ° reg0in9 aPP^" 13 * 6 calculations, a value of the sonic speed/refraction angle 
?.hl a PP rox,m f lon fage is designated as an approximate convergence value Ci. Then, the approximate value 
,ll J^T 9 ^ 6 ultrasonic tnrou 9 h P^e and the oblique wedge calculated by Equation (14) cor- 
S I approximate convergence value Ci. an approximate value e fi of the refraction angle of ultrasonic 
b^fJT P '^l° 8 IU ' d calcu,ated tnrou 9h Equation (7). the distance D between the opposite inner wall sur- 
th^™T I 18 a " '"u' 81 S6t ValU6 ' and the differe "ce AT of the propagation times of ultrasonic waves between 
the ultrasonic transducers in the forward and backward directions obtained by a measurement, and the average value 
I o c»nesponding to the propagation time of ultrasonic waves through the fluid in a stationary state are substituted into 
Equation (6) to derive the flow velocity V at temperature and pressure under the measuring conditions. This flow veloc- 

IX «"SJ^!^8it ou1put the ,,ow amount (steps S9 ~ S10) - fo,,owed by *"* the processin9 

e '^ e < a PPr oximat f calculation for minimising the difference AL between a calculated value L. with the sonic 
speed/refraction angle ratio C of the projection length of the spacing between the mounted positions of the ultrasonic 
transducers projected onto the center axis of the pipe as a variable, and the projection length L obtained by an actual 
measurement is nothing but a calculation for deriving the root of the following functional Equation (1 7) for a variable C 
derived from Equation (12) by approximation: 

[Equation (17)] 



AL c = L c -L = 0 (17) 

2t w (C v //c 2 -C w 2 ) + 2t p (Cp/7c 2 -C p 2 ) + D(C,/7c^c7) - L = 0 

An apjjlication of Newton's sequential approximation method to the approximate calculation for deriving the root of 
tne above functional equation enables an efficient accomplishment of the approximate calculation. For this purpose 
Equation (17) is differentiated for tfie variable C to derive a differential function AL' e of the function Al«. The differential 
function AL C and the onginal function ALg are applied to Equation (18) which is the formula of Newton's sequential 
approximation. C 0 calculated as an initially set value of the sonic speed/refraction angle ratio is designated as an initial 
value of the root. Equation (18) is repetitively applied to derive a high-order approximate solution. 

[Equation (18)] 

C n + 1 = C n - AL c /[dAL c /dC] c=Cn (n=0. 1. 2. ... ) (18) 

Incidentally, the last portion in Equation (15) indicates that an average flow velocity of a fluid on sound rays is 
^pressed wrthout using the refraction angle 8, of ultrasonic waves from the pipe to the fluid derived through Equation 
(7). Thus, using the approximate convergence value Ci of the sonic speed/refraction angle ratio derived by the gradual 
approximate calculation and the approximate value ti of the propagation time of ultrasonic waves through the pipe wall 
and the oblique wedge derived in correspondence to this value Ci. the flow amount of the fluid in the pipe can be 
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SSSl ^ ° alCU,ati0n for d6riVin9 *" inck,ent an9le 6 < 01 uHrasonic wavg s from the pipe to the fluid based on 

* * ^ ' ar9e th8t the P"* 8 **" *me x of ultrasonic waves through the oblique 

wavtb^enTS^ 

ZL^fS not I tranSdU u CerS ' the P^ation time t of uftrasonic waves through the oblique wedge and 

£! ^bSSES* the P 1 "^ 0 " ««• * by an approximate calculat^eflow amour* SS 

tiuid may be calculated as a result at practically tolerable accuracy. 

' kn ™In U Jd^f 0n the ' emperature pendency of sonic speed in at least one of the oblique wedge and the pipe is 
Ti^on^ZT™ "T" !ri tem P erature tendency data and a means for measuring ti?e tempered 
% JTJZ t qUe W6dge and the p,pe or a physical amount bivalent to temperature mi be provided such 
mat the (mown temperature dependency data stored in the storing means is searched based onYpEtmo^rrt 

«r« T ?- fe '!2 0in8 ,emperature ^ pressure compensation method for an ultrasonic flow meter accordina to the 

ES^ST? y ^ em 311916 ° f S ° niC waves from a P'Pe to »he fluid depending on the sonic speed are des- 
rgnated as bas.c unknown variables. The values of these unknown variables are derLd by graduafaPproxtmaTe 

. S ° f 1,16 P ' pe " determined by an actual measurement when the ultrasonic transducers are 

Z n^T 9 J^ 0nS ° n the Pipe for the inSta " ati0n 01 the ulfrasonic *»» ™ter, and previousTknotn Ji £ 
Te SS^JT *V" ** *> ° n a " d ° n aOOUStio members instituting the ultraLi 

lonTwavl f^Te I W ° ^ denved b V *• approximate calculation and the incident angle of ultra- 

J? f" 6 f ' U,d are apP " ed t0 3 basic equation for ca'C"'ating a flow velocity of the fTuid from a 
SoToHicnre jSSX ^ bY an aC ° US,iC measurem ent to dern,e the flow velocity of the fluid in the 

Zl on ^SlSlSSSSr 7 ' S ' nSta,,ed - ThUSl Wen " d3ta indiCa,in9 tne inf luence of temperature and pres- 
Pressurelf ZSEZSl 1 ' msaSurement are not P rev,ous| y P"*** no measurements of temperature and 
mi? Z under measurement are required. Instead, the propagation time obtained by an acoustic measure- 

Z^ZSZST bV *° deSi9n * the U,trasonic transducera «* ^ pipe on which £ZE£ 

S f T 5 US6d '° ""^ 106 60010 ^ in terms of the influences of temperature and pressure 

thus ach.ev.ng a true value of the flow velocity of the fluid under measurement pressure. 

an ^Tt^^T app . ro,dmation method is applied to the approximate calculation for deriving 

anaP Sfjr! co T veraence va, " e of the some speed/refraction angle ratio which is an unknown variable, the most 
P n^lo ? *>* f° n ' C s P eed/refraction angle ratio can be reached with less calculation steps as compart wrth 
a l^°fT . Ca l Uat0n exeCUted witn random| y set eonic speed/refraction angle ratio. Further wheTthe Sow 
EEZ 1 " J' 18 d6riVed b3Sed °" the "* SPeed/refraction angle ratio calculated by a gZal app^oT 

the processing speed is .ncreased due to the elimination of the calculation for deriving the incident angle 

«on ^ f 6 ' ° f 3 * pe ° n which tne ultrasonic transducers are mounted is so large that a propaga- 

ZToil ^r^TJT ° f U ^ SOniC WSVeS betW6en ,he Ultrasoni0 transducers, an approximate convergence 
tontir^TrL^L^ 8 ° nan9 9 rati0 may *» derived by a flradual approximate calculation, with the prapaga. 
2fU rLT ! T ant Value ' to obtain the ,low amounl 01 the f ,uid - 'n this calculation process, a compen- 
□mm nation hVna * e J"^ & number ° f since approximate calculation steps for calculating the 
propagation time of ultrasonic waves through the oblique wedge and the pipe are omitted 

a J^l?^;'n d T onte T raturedepe ^ w ^ 

wXXSaninl l J emP S re dependenc y data and a means for measuring the temperature of the oblique 
sS££ nn aTn? P^^' SUCn *« the known temperature dependency data stored in the storing means is 
h ^ tomperature value, the most probable value Ci of the sonic speed/refraction angle ratio is cal- 
SU!5£i?y y^T**! oalcu,ation usina the searched value, and the flow amount of the fluid is obtained 
ZfnSJ , 6 W6d C i therebv renderi "9 " P^iWe to obtain a flow amount compensated for the temperature 

ti 80 "' 0 '"J" 6 ° DliqUe W8dge and the pipe ' and hence a measurement resutt at higher accuracy, 
trated in s U 3 5 ° produced b Y the present invention will be described with reference to graphs illus- 

Figs. 3A. and 3B represent the results of measuring flow amounts of waters at different temperatures, to which the 
compensat.cn method of the present invention is applied, wherein a pair of ultrasonic transducers are mounted with a 
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spacing of 1 17.2 mm therebetween on the outer wall surface of a circular pipe made of stainless steel having an inner 
diameter of 101 .7 mm and a thickness of 5.0 mm, through which the water is flowing. 

In this example, the ultrasonic transducers are mounted in the V-shape configuration as illustrated in Fig. 7, and the 
circuit configuration as illustrated in Fig. 2 is employed for a circuit for measuring a propagation time. The flow velocity 
of water through the pipe is set at 85 m 3 /h (corresponding to an average flow velocity of approximately 3 m/s on the pipe 
cross-section). The pressure of water is set at approximately 0.2 MPa, and the temperature of water is varied from 24°C 
to60°C. 

Fig. 3A illustrates corrected data of the ultrasonic flow meter on a coordinate system having the abscissa represent- 
ing water temperature and the ordinate representing errors produced by the flow meter. Fig, 3B plots measurement 
results on a coordinate system having the abscissa likewise representing water temperature and the ordinate repre- 
senting sonic speed in water obtained by the present invention. It can be understood from these results that while the 
sonic speed in water increases as the water temperature rises, errors introduced in the measurements of the flow 
amount are hardly influenced by the rise of the water temperature. 

Turning next to Figs. 4A and 4B, illustrated therein are the results of a temperature correction performed on sonic 
speed in the oblique wedge and the pipe using data on temperature dependency of sonic speed in the oblique wedge, 
in addition to the data on propagation time measured by the circuit configuration illustrated in Fig. 2. Assuming that fluid 
temperature is x [°C] and the error is y [%] f a recursive line is expressed by Equation (19) for Fig. 3A illustrating the 
results of flow amount measurements without performing a temperature correction on sonic speed using the results of 
detecting temperatures of the oblique wedge and the pipe: 

[Equation (19)] 

y = 0.01 28x + 0.7571 (19) 

Whereas a recursive line as expressed by Equation (20) is given for Fig. 4A which illustrates the results of flow amount 
measurements in which sonic speed in the oblique wedge and the pipe is corrected in terms of temperature: 

[Equation (20)] 

y = 0.0070X + 0.8534 (20) 

It can be understood from the above equations that the dependency of sonic speed on temperature of the fluid is 
further reduced by performing the temperature correction on sonic speed in the oblique wedge and the pipe material. 

Referring next to Fig. 5 ( there is illustrated the results of correcting sonic speed in water, according to the method 
of the present invention, where a pair of ultrasonic transducers are mounted with a spacing of 71.4 mm therebetween 
on the outer wall surface of a circular pipe made of stainless steel having an inner diameter of 54.9 mm and a thickness 
of 6. 1 mm. In this state, the pressure of water in the pipe, not flowing, is varied in a stepwise manner (pressurised to the 
atmospheric pressure or more at temperature equal to or higher than 100°C) to change the water temperature from 
16°C to 220°C, and sonic speed in water is measured, using the compensation method of the present invention, with 
various values which have been known at the time of the mounting of the ultrasonic transducers and a measured prop- 
agation time of ultrasonic waves through stationary water. It should be noted that in this example, the ultrasonic trans- 
ducers are likewise mounted in the V-shape configuration as illustrated in Fig. 7. 

Fig. 5 illustrates the calculation results of sonic speed in water derived by processing measured values of the prop- 
agation times of ultrasonic waves in accordance with the method of the present invention together with theoretically cal- 
culated data obtained by referring to the aforementioned steam tables for the purpose of comparison. The comparison 
data are obtained by interpolation based on data listed in the steam tables on sonic speed in water at the same pres- 
sure and temperature as the experiment. 

As can be seen from Fig. 5, the difference between the sonic speed values measured and applied with the com- 
pensation method of the present invention and the literature-based comparison data is merely within ±1.4%, thus clar- 
ifying that the compensation method according to the present invention is effective for compensating sonic speed for 
changes in pressure of a fluid in addition to changes in temperature of the fluid. 

Claims 

1 . A temperature and pressure compensation method in a clamp-on type ultrasonic flow meter comprising 

a pair or more of ultrasonic transducers each including an ultrasonic oscillator and an oblique wedge, and 
mounted on the outer peripheral surface of a pipe in which a fluid is flowing, and 
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a measurement control unit for calculating for measuring propagation times of ultrasonic waves propagating in 
a flow direction and in the reverse direction of the fluid flow, and outputting a flow amount of the fluid based on 
the propagation times, 

said method comprising the steps: 

(A) preparing, as given known data: 

(a) a distance between opposite inner wall surfaces or outer wall surfaces on a plane of the pipe 
through which ultrasonic waves transmit, and a thickness of the pipe wall; 

(b) a length of a propagation path of ultrasonic waves through the oblique wedge of the ultrasonic 
transducer projected onto a plane perpendicular to the center axis of the pipe; 

(c) a length of a propagation path of ultrasonic waves between the ultrasonic transducers projected 
onto the center axis of the pipe; 

(d) sonic speed in the oblique wedges at a reference temperature: and 

(e) sonic speed in the pipe wall of the pipe at the reference temperature; 

(B) calculating an approximate convergence value of a sonic speed/refraction angle ratio, which is a ratio 
of sonic speed to a sinusoidal value at the refraction angle of the ultrasonic wave from the pipe to the fluid 
in the fluid existing in the pipe at temperature and pressure under measuring conditions, based on the 
measured propagation times of the ultrasonic waves in the forward direction and backward direction with 
respect to the fluid flow, using said given known data, by a gradual approximate calculation; and 

(C) applying said incident angle of the ultrasonic waves to the fluid existing in the pipe derived by said grad- 
ual approximate calculation and the propagation time of the ultrasonic waves passing through the oblique 
wedge and the pipe wall to a calculation equation for deriving a flow velocity of the fluid existing in the pipe 
from the measured propagation times of the ultrasonic waves in the fluid flowing direction and in the 
reverse direction to calculate a flow amount of the fluid existing in the pipe at temperature and pressure 
under the measuring conditions. 

The temperature and pressure compensation method of claim 1, further comprising a step of: 

(D) calculating an incident angle of the ultrasonic waves from the pipe to the fluid derived by the approximate 
convergence value of said ultrasonic refraction ratio or a trigonometric function thereof, and a propagation time 
of the ultrasonic waves passing through the oblique wedge of the ultrasonic transducer and the pipe wall. 

The temperature and pressure compensation method of claim 1, wherein: 

the propagation time of the ultrasonic waves through the oblique wedge and the pipe is treated as a given 
constant value in the gradual approximate calculation. 

The temperature and pressure compensation method of claim 2, wherein: 

the propagation time of the ultrasonic waves through the oblique wedge and the pipe is treated as a given 
constant value in the gradual approximate calculation. 

The temperature and pressure compensation method of claim 1, wherein: 
an equation 

C n+1 = C n - AL c /[dAL c /dC] CsCn (n=0, 1, 2, ... ) 
C : sonic speed/refraction angle ratio 

l^: calculated value of propagation length of the ultrasonic wave projected onto the center axis of the pipe 
is satisfied in the gradual approximate calculation. 

The temperature and pressure compensation method of claim 1 , comprising the steps of: 

measuring temperature of at least one of the oblique wedge and the pipe or a physical amount equivalent to 
temperature; 

storing known data on temperature dependency of sonic speed in at least one of the oblique wedge and the 
pipe; and 

compensating for the temperature dependency of at least one of propagation times of ultrasonic waves 
through the oblique wedge and through the pipe by the use of the physical amount measured by said step of meas- 
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uring temperature or a physical amount equivalent to temperature, and the known data on temperature depend- 
ency of sonic speed stored in said step of storing. 



7. 



The temperature and pressure compensation method of claim 1 . comprising the steps of • 
temper^"™ 9 temperature 01 * least one of ***** wed 9e and the pipe or a physical amount equivalent to 

storing known data on temperature dependency of sonic speed in at least one of the oblique wedge and the 
pip©, 8no 

compensating for the temperature dependency of at least one of propagation times of ultrasonic waves 
through the oblique wedge and through the pipe by the use of the physical amount measured by said means for 
measunng temperature or a physical amount equivalent to temperature and the known data on temperature 
dependency of sonic speed stored in said storing means. 

8. A clamp-on type ultrasonic flow meter comprising: 

a pair or more of ultrasonic transducers each including an ultrasonic oscillator and an oblique wedge and 
mounted on the outer peripheral surface of a pipe in which a fluid is flowing and 

a measurement control unit for calculating for measuring propagation times of ultrasonic waves propagating in 
a flow direction and in the reverse direction of Ihe fluid flow, and outputting a flow amount of the fluid based on 
the propagation times, comprising: 

(A) means for preparing, as given known data: 

(a) a distance between opposite inner wall surfaces or outer wall surfaces on a plane of the pipe 
through which ultrasonic waves transmit, and a thickness of the pipe wall; 

(b) a length of a propagation path of ultrasonic waves through the oblique wedge of the ultrasonic 
transducer projected onto a plane perpendicular to the center axis of the pipe; 

(c) a length of a propagation path of ultrasonic waves between the ultrasonic transducers projected 
onto the center axis of the pipe; 

(d) sonic speed in the oblique wedges at a reference temperature; and 

(e) sonic speed in the pipe wall of the pipe at the reference temperature; 

(B) means for calculating an approximate convergence value of a sonic speed/refraction angle ratio which 
is a ratio of sonic speed to a sinusoidal value at the refraction angle of the ultrasonic wave from the pipe to 
the fluid in the fluid existing in the pipe at temperature and pressure under measuring conditions based on 
the measured propagation times of the ultrasonic waves in the forward direction and backward direction 
wrth respect to the fluid flow, using said given known data, by a gradual approximate calculation; and 

(C) means for applying said incident angle of the ultrasonic waves to the fluid existing in the pipe derived 
by said gradual approximate calculation and the propagation time of the ultrasonic waves passing through 
the oblique wedge and the pipe wall to a calculation equation for deriving a flow velocity of the fluid existing 
in the pipe from the measured propagation times of the ultrasonic waves in the fluid flowing direction and 
in the reverse direction to calculate a flow amount of the fluid existing in the pipe at temperature and pres- 
sure under the measuring conditions. 

9. The clamp-on type ultrasonic flow meter of claim 8, further comprising: 

(D) means for calculating an incident angle of the ultrasonic waves from the pipe to the fluid derived by the 
approximate convergence value of said ultrasonic refraction ratio or a trigonometric function thereof and a 
propagation time of the ultrasonic waves passing through the oblique wedge of the ultrasonic transducer and 
the pipe wall. 

10. The clamp-on type ultrasonic flow meter of claim 8, wherein: 

the propagation time of the ultrasonic waves through the oblique wedge and the pipe is treated as a given 
constant value in the gradual approximate calculation. 

11. The clamp-on type ultrasonic flow meter of claim 9, wherein: 

the propagation time of the ultrasonic waves through the oblique wedge and the pipe is treated as a given 
constant value in the gradual approximate calculation. 
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12. The clamp-on type ultrasonic flow meter of claim 8, wherein: 

an equation 

= C n - ALp/fdALg/dC] GaCn (n=0, 1,2....) 

C : sonic speed/refraction angle ratio 

calculated value of propagation length of the ultrasonic wave projected onto the center axis of the pipe 

is satisfied in the gradual approximate calculation. 

13. The clamp-on type ultrasonic flow meter of claim 8, comprising: 

SZSe^* 6 ° f * 16351 ° ne ° f * he *"»» W6d9e and » e pip * • - ■*« amount 

means for storing known data on temperature dependency of sonic speed in at least one of the oblique wedge 
ana the pipe; and a 

^tE^^S2 B J br !l e t6 T^ tUre de P endenc y of at ,eas * ™ °< Propagation times of urtrasonic 

9 qU6 W6d9e ** through * e pipe b * tne use °» the Physical amount measured by said 

oZ^Zl 6 ^"" 9 te , mperature 0r 3 ph * sical amount «' ljivalen « to temperature and the known data on tem- 
perature dependency of sonic speed stored in said storing means. 

14. The clamp-on type ultrasonic flow meter of claim 8. comprising: 

SSS* 6 ° f ^ ,CaSt ° f me 0b " qUe W6d9e ^ the Pipe " a amount 
a^the^pTand °" temperature de P en *"cy of sonic speed in at least one of the oblique wedge 

wT~ fLT^" 9 '"it! 6 tempera,ure dependency of at least one of propagation times of ultrasonic 
waves through the obl.que wedge and through the pipe by the use of the physical amount measured by said 
™*" S fo ' measunng temperature or a physical amount equivalent to temperature and the known data on tem- 
perature dependency of sonic speed stored in said storing means. 

15. The clamp-on type ultrasonic flow meter of claim 8. wherein: 

the pair or more of ultrasonic transducers are mounted on the same side of the pipe. 

16. The clamp-on type ultrasonic flow meter of claim 8. wherein: 

the pair or more of ultrasonic transducers are mounted on the opposite side of the pipe. 
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FIG. 3A 
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FIG. 4A 
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